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This study investigates the effect of temperature on the emission frequency of an intrinsic
Josephson junction terahertz (THz) electromagnetic wave source, which can be used for high-speed
communications by THz carrier wave. The characteristic emission features of two device types
(asymmetric and symmetric) and two bias regimes (low and high) were determined. The bias-
dependent emission frequency was temperature dependent in the asymmetric device, most likely
reflecting the temperature-dependent London penetration depth. The bias tunability of the emission
frequency can be explained by device self-heating, which significantly and inhomogeneously raises
the temperatures of the device from its bath temperature. These findings are consistent with previ-
ous studies of temperature distribution in these devices.VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4906849]
I. INTRODUCTION
Stacks of intrinsic Josephson junctions (IJJs) constructed
from the high-Tc superconductor Bi2Sr2CaCu2O8þd (Bi2212)
emit at terahertz (THz) frequencies. Such IJJ emission has
rapidly attracted theoretical and experimental interest.1–8 The
emitted terahertz waves are considered to be monochromatic
and coherent because it is attributed to synchronization of
stacked Josephson junctions naturally formed inside Bi2212
single crystals. Thus, these IJJs can be used for generating
THz waves to realize ultrafast and huge-capacity wireless data
transfers. The emission frequencies of these structures (rang-
ing from 0.3 to 0.9 THz) are roughly determined by the geom-
etry of the stacks. Reportedly, the emission power of a single
stack of coherently oscillating IJJs and synchronized three
stacks can reach 30lW (Refs. 9 and 10) and 0.6 mW,11
respectively. The underlying physics behind these phenomena
is synchronization of hundreds of IJJs consisting of a stack
and synchronization of stacks connected by a base crystal.
To understand the synchronization mechanism, we must
elucidate the temperature distribution in the stack. Since the
self-generated heat in the voltage state is retained by the low
thermal conductivity of the superconducting crystal, local-
ized temperature rise in the stack is inevitable.12 Local tem-
perature rise above the critical temperature Tc (hotspots) of
the emitting devices has been first identified by low-
temperature scanning laser microscopy (LTSLM).5 Although
the LTSLM signals reflect changes in the various physical
parameters of the stacks, these results predict that coherent
oscillation along the c-axis arises from spatial inhomogene-
ity of the junction along the ab-plane. Meanwhile, we previ-
ously altered the thickness of the electrodes atop the stacks,
and found that emission is largely governed by thermal inho-
mogeneity of the emitting stack itself, which is caused by the
weak heat link between the stack and thermal bath.13 More
recently, we have reported that the hotspots are detrimental
for emission intensities.14
The emission frequency fe is tuned by changing either the
bias current or bath temperature Tb. Benseman et al. investigated
the temperature dependence of the emission frequency in asym-
metric device configuration, namely, a superconducting sub-
strate overlain with a trapezoidal stack. They attributed the
frequency-temperature relation to the temperature dependence
of the London penetration depth along the ab-plane.15 At a cer-
tain temperature, an IJJ included in the stack might entrain IJJs
of different resonance frequencies (widths) due to the trapezoidal
stack shape, establishing a tuning bandwidth.16 The amplitude of
the Josephson oscillation has a node at the superconducting sub-
strate because the substrate and stacked IJJs are in the supercon-
ducting (zero-voltage) and voltage state, respectively.
Two emission regimes have been recognized: a low-bias
regime well below the critical current in the voltage state, and
a high-bias regime, in which the current exceeds the critical
current. The high-bias regime admits a rich variety of phenom-
ena, such as wide-range frequency tuning, hotspot formation,
and a sharp spectrum linewidth, whereas less complicated
behavior is observed in the low-bias regime.17–19 Although the
high-bias emission presumably linked to temperature inhomo-
geneity, no systematic difference between the frequency tuning
of high-bias and low-bias emissions has been reported to date.
In this letter, we discuss how the emission frequency fe
is affected by temperature in three devices. Low-bias emis-
sion from the mesa device is explained by the Tb dependence
of the London penetration depth, whereas the high-bias emis-
sion is attributed to significant temperature rise from Tb and
temperature inhomogeneity in the device. Different from the
asymmetric mesa device, low-bias emission from the sym-
metric stand-alone stack is independent of Tb because no
nodal Josephson oscillation is established along the c-axis.
II. EXPERIMENTS
We prepared three devices from Bi2Sr2CaCu2O8þd sin-
gle crystals grown by the traveling solvent floating zone
method. Device A and C are ordinary mesa devices compris-
ing IJJ stacks formed on bulk single crystals bya)kakeya@kuee.kyoto-u.ac.jp
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photolithography and the Ar milling technique as described
in the previous works. Device B is a stand-alone stack.18 An
IJJ stack was removed from a bulk crystal and glued onto a
sapphire substrate with silver epoxy. The stack was sand-
wiched between a pair of silver electrodes formed by a vac-
uum evaporation technique. Schematics of the three devices
are depicted in the insets of Fig. 1. The stacks were approxi-
mately 400 lm long, but their widths w and thicknesses t
ranged from 60 to 90 lm and 1.1 to 1.8 lm, respectively.
The geometries of the devices are summarized in Table I.
To precisely determine the temperature dependence of
fe, we measured emission spectra of the devices by a
laboratory-designed high-resolution FT-IR spectrometer20
after checking THz wave emission using a simple detection
system.13 The frequency resolution of the spectrometer is
less than 1GHz, an order of magnitude higher than that of an
ordinary commercial FT-IR spectrometer, enabling precise
determination of the temperature effect on fe. The bath tem-
perature Tb was measured at the copper sample stage, to
which the device was glued with silver paste. The devices on
their copper stages were placed in a vacuum and the emitted
THz waves passed through a white polyethylene window.
III. RESULTS AND DISCUSSION
A. Device A: Low bias regime
THz frequencies were emitted from Device A within
a limited bias region in the low-bias regime, as shown in
Fig. 1(a). The emission was observed between 15 and
45K just above the discontinuity in the I–V characteristics
(retrap). The emission range is 0.5<V< 0.8V and
3< I< 4mA, and the detected intensity roughly decreases
with increasing Tb. The emission spectra at various Tbs are
shown in Fig. 2(a). At 25K, the peak frequency and spec-
trum width are 450 and 2.2GHz, respectively. Through the
AC Josephson relation 2ev ¼ hx, the frequency x/2p corre-
sponds to a junction voltage v¼ 0.92mV/IJJ. Thus, the total
voltage across the device is Nv¼ 0.74V, where N is the
number of IJJs (N ’ 800), which approximately matches
the bias voltage at the peak intensity Ve¼ 0.76V. As Tb
increases, fe decreases, maintaining the AC Josephson rela-
tion within a few percent. The spectrum width is independent
of Tb and is narrower than that obtained by heterodyne
FIG. 1. IV characteristics (symbols)
and bolometer responses (solid lines)
in device A (a), B (b), and C (c) at
25K. Solid red curves are the bolome-
ter outputs as functions of V for (a) and
(b) and as a function of I for (c). The
amplitudes of the bolometer output
correspond to plot the colors of the I–V
plots. Arrows represent scan direc-
tions. Device configurations are
depicted in the insets.
TABLE I. List of samples used in this study. wt and wb represent the top and
bottom widths of the stack, respectively. For the analysis, the averaged
width w¼ (wtþwb)/2 is used in the text. The stack thickness t and the criti-
cal temperature Tc of the device are shown.
Type wt (lm) wb (lm) t (lm) Tc (K)
A Mesa 82.1 92.3 1.19 72
B Stand-alone 64.5 75.5 1.80 70
C Mesa 65.5 74.3 1.11 91.5 FIG. 2. Emission spectra at various Tbs in device A (a), B (b), and C (c).
Panel (d) shows the bias dependence of the spectra in device C.
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mixing, in which poor coherence of the low-bias emission
has been claimed.19
The temperature dependence of fe is plotted in Fig. 3(a).
Temperature-frequency relations of the standing waves in a
resonator are given by temperature dependence of the propa-
gation velocity of electromagnetic waves inside the resonator
(the so-called Swihart velocity for a single Josephson junc-
tion). Josephson plasma waves with both kx (parallel to the
ab-plane) and kz (parallel to the c-axis) may be excited in an
IJJ stack; thus, the propagation velocity is estimated as
~c2 ¼ c20½c2f1 cosðkzsÞgkab=s2 þ 11, where kz, kab, and s
are the wavenumber of the standing wave along the c-axis,
the London penetration depth along the ab-plane, and the
thickness of the superconducting layers, respectively.21
Benseman et al. suggested that if the boundary conditions of
the stack are asymmetric with respect to the c-axis, an asym-
metric standing wave is established along the c-axis with
kz¼mp/2t (m¼ 1, 3, …), where t is the thickness of the
stack.
Since the length of the stack is sufficiently longer than
the width, standing wave with kx along the width is domi-
nant. Furthermore, 2p/kz¼ 2t 103 s and fe  xp/2p hold.







The frequency f depends on temperature because kab(T) is a
temperature-dependent parameter, as measured by several
authors.22–24 The solid curve in Fig. 3(a) plots Eq. (1) as a
function of temperature, using the data of Anukool et al. data
with the amount of doping p¼ 0.124 (determined by the Tc
of the Device A).22 Setting the refractive index
n ¼ ﬃﬃﬃﬃcp ¼ 3:35, m¼ 1, and w¼ 87 lm, an excellent agree-
ment is obtained between Eq. (1) and the experimental data.
B. Device B: Stand-alone IJJ stack
The I–V characteristics and emission intensities of
Device B are plotted in Fig. 1(b). The intensity sharply peaks
at 1.38V and a weaker peak appears at 1.10V. Device B
emitted THz radiation in the low-bias regime. Figure 2(b)
shows the FT-IR spectra taken at optimum bias points at var-
ious temperatures. Note that fe (’540GHz) is independent of
temperature between 10 and 50K in a sharp contrast to
mesa-type devices, whose emission frequencies decrease
with increasing Tb.
We interpret the insensitivity of fe to the temperature in
Device B as follows. The highly conducting silver electrodes
are affixed to the top and bottom of the stand-alone stack;
moreover the whole stack possibly becomes uniformly resis-
tive because of the absence of superconducting substrate.
The symmetric stack configuration admits excitation of the
m¼ 0 uniform mode rendering Eq. (1) independent of
kab(T). Through the AC Josephson relation, f ’ 540GHz
corresponds to 1.11mV per IJJ, resulting in 1.35V across the
whole stack of N¼ 1200. This voltage is quite close to prom-
inent peak bias voltage (1.38V), supporting that m¼ 0 stand-
ing waves are excited along the c-axis.
The refractive index n¼ c0/2wfe was considerably
higher in Device B than in the other two devices, presumably
because the effective width of the stack was considerably
shorter than w in this device. The edges and surfaces of
stand-alone stack are more deteriorated by organic solvents
and water than those of typical mesa devices, because of the
complicated fabrication process and the large surface area.
Similar results for stand-alone stacks and focused-ion-beam-
milled mesas have been reported in previous studies.18,25
C. Device C: High-bias regime
Device C demonstrates high-bias emission. The high-
bias regime covers the region 30< I< 60mA and
0.7<V< 0.9V, as shown in Fig. 1(c). Figures 2(c) and 2(d)
present the spectra of the high-bias emissions at various tem-
peratures with a constant bias current of 40mA, and at vari-
ous bias currents with Tb¼ 30K, respectively. As the
temperature increases from 20 to 60K, fe decreases from
0.54 to 0.43 THz. Increasing the bias current similarly
decreases the fe. From this result, we attribute the decrease in
fe to the increase in effective temperature of the stack as ~c
decreases. The emission frequencies at different Tb and bias
conditions are plotted in Fig. 3(b). Obviously, fe decreases as
either Tb or bias increases; however, these experimental
results are considerably lower than the predictions of Eq. (1)
with kab(T) determined by its p as well as in Device A. The
theoretical curve may overlap with the experimental data
shifted toward higher temperatures along the temperature
axis. It is interpreted that in the high-bias regime, the effec-
tive temperature giving rise to ~c is significantly higher than
Tb, in sharp contrast to the results of Device A.
These results suggest a highly inhomogeneous tempera-
ture distribution in the high-bias regime. This is consistent
with previous imaging measurements5,11,14 and numerical
calculations.12,26 Figure 4(a) plots fe (solid symbols) as a
function of the c-axis biased resistance Rc ¼ V=I, corrected
FIG. 3. Temperature dependence of the emission frequency from devices (a)
A, B, and (b) C. Solid lines are values of Eq. (1) with parameters given in
the figures. Data of kab(T) are obtained from Ref. 22 with close Tc. Symbol
color in (b) represents bias current according to the color bar at right and
symbol size means FFT amplitude of the spectra.
043914-3 Kakeya et al. J. Appl. Phys. 117, 043914 (2015)
 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  130.54.110.31 On: Mon, 29 Aug 2016
01:25:51
by subtracting the contact resistance (included in Fig. 1(c)).
Assuming that the Rc corresponds to the quasiparticle resist-
ance at the effective stack temperature T> Tb, a homogene-
ous temperature distribution would yield single values of Eq.
(1) and RcðTÞ; accordingly, these plots should collapse onto
a single line. Instead, the Rc reduces as Tb is lowered. This
deviation can be explained by considering an inhomogene-
ous temperature distribution and a temperature dependence
of both f(T) and ~cðTÞ as described in the following
paragraph.
As a toy model of an IJJ stack with strong temperature
inhomogeneity, we consider two linked IJJ stacks 1 and 2
with the equal volume and uniform temperature T1 and T2
electrically connected in parallel as shown in Fig. 4(b). This
models a device with a hotspot (lower resistance) region
shunting a lower temperature (higher resistance) region. The
excited electromagnetic wave propagates inside the media
with refractive indices n1 and n2 connected in series without
reflection at their interface. T1 (T2) is dT higher (lower) than
the average temperature T0, i.e., T1¼T0þ dT, T2¼T0  dT.
The measured resistance RcðTbÞ is considered as the
parallel connection of Rc(T1)¼Rc(T0)  dRc and Rc(T2)
¼Rc(T0)þ dRc, where Rc(T) represents the intrinsic c-axis
resistance of the stack at temperature T. Consequently, we
obtain RcðTbÞ ¼ RcðT0Þ½1 ðdRc=RcðT0ÞÞ2, which shows
that decrease in RcðTbÞ from Rc(T0) is more significant for
larger dT. This situation is more pronounced at lower tem-
perature because the thermal conductivity is smaller. On the
other hand, the measured emission frequency fe is
determined by the distribution in the effective refractive





~nðT1Þ ¼ ~nðT0Þ þ d~n and ~nðT2Þ ¼ ~nðT0Þ  d~n, measured re-
fractive index nðTbÞ ¼ f~nðT1Þ þ ~nðT2Þg=2. Therefore, we
can simply state nðTbÞ ¼ ~nðT0Þ, which corresponds to
fe(Tb)¼ f(T0) given by Eq. (1); that is, the measured emission
frequency fe is directly determined by the average tempera-
ture T0. From this simplified consideration and comparison
with the homogeneous case, we infer that temperature inho-
mogeneity is responsible for decreases in RcðTbÞ with respect
to fe(Tb). Since the temperature distribution in Bi2212 IJJ
stacks emitting at terahertz frequencies becomes more homo-
geneous at higher temperatures,27 the quantity RcðTbÞ 
RcðT0Þ due to the temperature inhomogeneity becomes more
remarkable at lower Tb, where dRc is larger even for a certain
dT. This conclusion is consistent with the plots in Fig. 4(a),
which shift toward lower Rc (left) as dRc increases at lower
Tb. A comparison between Rc and Rc  T data allows to esti-
mate an average temperature T0 of the stack. As a result, T0s
are roughly estimated as 100 and 60K for Rc ¼ 15 and 30 X,
respectively. The mean-field critical temperature of the de-
vice being 91.5K also supports the strong temperature inho-
mogeneity of the device.
The present interpretation does not include the stacking
effect of IJJs. Benseman et al.,28 have discussed the excess c-
axis voltage with respect to the emission frequency due to tem-
perature inhomogeneity along the c-axis. Synchronized IJJs
closer to the mesa surface (electrode) arise equal voltage per
IJJ, while unsynchronized IJJs closer to the substrate (thermal
bath) arise higher voltage per IJJ because of the negative tem-
perature dependence of the quasiparticle resistance. The excess
voltage due to the unsynchronized IJJs is higher at lower Tb.
Their argument is also valid for the present result, where the
bias voltage is higher than the value estimated from the emis-
sion frequency via the ac Josephson relation as plotted as open
symbols in Fig. 4(a). Since the behavior of fe  Rc plots looks
irrelevant to the deviation from the ac Josephson relation (solid
line), we consider that the present results indicate both in-plane
and out-of-plane strong temperature inhomogeneities.
IV. SUMMARY
This study demonstrated the qualitative difference in the
temperature dependence of the frequencies emitted by usual
mesa IJJ stacks and a stand-alone IJJ stack. These trends
were predicted in previous work by Benseman et al.15 By
considering a toy model, we attributed the significant bias
tuning at a fixed bath temperature to inhomogeneous temper-
ature rise of the stack (relative to the bath temperature). The
linewidths of the emission spectra were less than 1GHz,
regardless of emission type. These results strongly contrast
with those of Li et al.,19 who reported poor synchronization
of stacked IJJs in the low-bias region.
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